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PHOSPHATE SORPTION BY PACIFIC NORTHWEST
CALCAREOUS SOILS
A.B. Leytem and D.T. Westermann
Understanding phosphorus (P) sorption of calcareous soils is impor-
tant for the development of successful fertilizer and manure management
practices. This study was conducted to identify soil chemical properties
controlling P sorption in semiarid calcareous soils of the Pacific North-
west. Sorption isotherms of 18 primarily calcareous soils ranging widely
in soil physical and chemical properties were constructed by equilibrat-
ing 4 g of soil with 40 mL of 0.01M CaC1 2 containing between 0 and 700
mg P 1.- 1 for 24 h. The P sorption isotherms at low to medium P con-
centrations fit the Freundlich isotherm (r2  0.93). The slope of the
isotherm generally increased abruptly at high P concentrations, suggest-
ing Ca-P precipitation. The maximum P sorption prior to Ca-P precip-
itation was closely related to organically complexed Fe and Mn (R2 >
0.98), suggesting that such complexes may regulate P sorption in these
soils. The equilibrium P concentration at the point where Ca-P precipi-
tation begins to dominate was closely related to pH and organic carbon.
A better understanding of the role of organically complexed metals in
controlling P sorption in calcareous soils is needed to determine how P
solubility is affected by organic matter additions and how this will ulti-
mately impact the plant availability and potential off-site transport of P
from these soils. (Soil Science 2003;168:368-375)
Key words: phosphorus, calcareous soils, organic matter, NTA-
extractant.
I
N the arid agricultural region of the Pacific
Northwest, the accumulation of calcium car-
bonate (CaCO 3) is believed to govern soil P re-
actions, whereas in acid soils, P solubility is con-
trolled by Fe and Al (Lindsay, 1979). Sharpley et
al. (1984) found that extractable P was negatively
correlated to CaCO 3 concentrations following
addition of fertilizer to 20 calcareous soils. In ad-
dition, the decrease in P availability between 30
and 180 days after fertilizer application was cor-
related to CaCO3 content (Sharpley et al., 1989).
In contrast, some studies have found that P sorp-
tion in calcareous soils is more closely related to
iron oxide and clay content (Hamad et al., 1992;
Ryan et al., 1985; Solis and Torrent, 1989), as
well as to aluminum oxides (Castro and Torrent,
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1998), than to CaCO3 content. Furthermore,
Robbins et al. (2000) found that the addition of
organic carbon as manure or other waste prod-
ucts seemed to enhance the solubility and ex-
tractability of added ortho- and organic-P. Thus,
it becomes apparent that there may be many
mechanisms regulating P sorption and solubility
in calcareous soils.
The objective of this study was to identify soil
properties related to sorption and precipitation of
applied phosphate in calcareous Pacific Northwest
agricultural soils. We use the term phosphate sorp-
tion to encompass all processes that remove P from
solution (e.g., surface adsorption and precipita-
tion). A wide range of solution P concentrations
were used to maximize the amount of P sorbed by
the soils and to determine the effects of varying
soil properties on the P-sorption processes.
MATERIALS AND METHODS
Eighteen soil samples were taken from sur-
face (0-30 cm) horizons of mainly arid, calcare-
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ous agricultural soils in the Pacific Northwest re-
gion. Many of the soil samples collected are not
currently mapped and, therefore, soil series infor-
mation was not available. Samples were air-dried
and ground to pass through a 2-mm sieve prior to
analysis.
Soil Analysis
Particle size was determined by the hydrome-
ter method (Gee and Bauder, 1986). Organic car-
bon (OC) was determined using the method of
Walldey and Black (1934). pH was measured in a
saturated paste using a combination electrode
(Robbins and Wiegand, 1990). Cation exchange
capacity (CEC) was obtained by saturation with
1M NaOAc at pH 7, followed by ethanol wash-
ing, Na displacement with NH 4OAc, and analysis
of Na by AA (United States Salinity Laboratory
Staff, 1969). Calcium carbonate equivalent (CCE)
was determined with the titrimetric method of
Allison and Moodie (1965). Sodium bicarbonate
extractable P was determined using the method of
Olsen et al., (1954). Oxalate-extractable Fe (Fe nx),
Al (A10x), and Mn (Mil o)) were obtained by ex-
traction with 0.2M ammonium oxalate at pH 3 to
obtain a measure of the amorphous Fe, Al, and
Mn in the soils ( Jackson et a1.,1986). Organically
complexed Fe (Fenta), Al . (Al,,) ,ta and Mn (Mnnta)
were obtained by extraction with 0.1M sodium
nitrilotriacetate (NTA) at pH 8.3, with a soil so-
lution ratio of 1:200 and filtration through 0.45
1.1.,m (Yuan et al., 1993). Oxalate and NTA ex-
tractable Fe, Al, and Mn were quantified by ICP-
OES detection. Other soil properties measured
included: citrate-dithionate extractable Fe; total
Al, Fe, and Ca by microwave digestion in acid; and
soluble Ca and Mg in a saturated paste as well as
electrical conductivity. However, these properties
were not correlated to P sorption and are, there-
fore, not presented in this paper.
Sorption Isotherms
Phosphate sorption isotherms were obtained
by mixing 4 g of soil with 40 mL of 0.01 M
CaC12 containing varying amounts of KH 2PO4
for 24 h at a constant temperature of 22 °C. The
initial P concentrations in the CaC12 solutions
were 0, 1.25, 5, 12.5, 25, 50, 75, 100, 200, 300,
500, and 700 mg P L- 1 . After agitation, the sus-
pensions were allowed to settle for 30 min, and an
aliquot was then filtered (0.45 p.m) and analyzed
for P by ICP-OES. The amount of phosphate
sorbed was calculated from the difference be-
tween initial and final quantities of P in solution.
All isotherms were performed in duplicate.
Sorption parameters were calculated using the
Freundlich isotherm as follows: g = Ac b, where q
is the amount of P found in the solid phase of a soil
at concentration c, and A and b are positive-valued
parameters, with b constrained to lie between 0
and 1. The parameters A and b are estimated by
plotting log g against log c. Log A and b are calcu-
lated as the y intercept and slope, respectively, of
the linear regression between log g and log c (Spos-
ito 1989). Freundlich isotherms were calculated
for soils at low to medium P concentrations (equi-
librium P concentrations of 0 to 150 mg P L- 1 ) as
the equation does not apply to adsorption data ob-
tained for high values of c (Sposito, 1984).
Statistics
All statistical analyses were performed using
the PROC REG procedure in SAS (SAS Insti-
tute, 1989). Relationships significant at the 0.05,
0.01, and 0.001 probability levels are marked in
the text as *, **, and *", respectively.
RESULTS
Soil Properties
The soils examined in this study varied widely
in the chemical properties that commonly affect P
sorption in soils (Tables 1 and 2). Clay and OC
concentrations ranged from 0 to 246 g kg- 1 and
from 0.4 to 25.7 g kg- 1 , respectively. Most of the
TABLE 1
Selected soil properties
Soil No. Clay OCt pH CECt CCES
_ g kg- 1 ........ cmolckr 1 g kg- '
1 146 13.5 7.9 14 496.0
2 162 8.0 7.5 22 19.7
3 132 8.2 7.9 14 114.3
4 246 5.3 6.4 16 40.0
5 157 25.7 4.9 18 0.0
6 62 4.3 7.1 13 13.7
7 145 13.0 7.6 19 91.0
8 0 0.4 8.6 5 15.0
9 40 5.4 7.6 13 18.3
10 35 4.2 6.8 11 11.0
11 110 16.0 7.7 19 38.0
12 155 2.6 7.8 12 86.0
13 180 7.5 7.6 16 170.0
14 125 6.4 7.5 14 186.0
15 115 9.4 7.7 19 25.0
16 130 11.8 7.9 20 55.0
17 25 5.0 7.3 7 5.0
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TABLE 2
Soil properties related to phosphorus and phosphorus sorption
Soil No. Olsen Pt A1.4 Fepig Pon* Mricnt	 Alota5 Fen„S MnmS P.D.
S
mg kg- 1 kg- 1
0.96 0.97 0.46
g
0.25	 0.54 0.46 0.29 0.231 18.8
2 28.0 1.02 2.02 0.40 0.40	 0.77 0.62 0.25 0.19
3 12.6 0.78 0.59 0.36 0.20	 0.46 0.30 0.20 0.22
4 19.0 0.74 0.56 0.27 0.32	 0.64 0.44 0.19 0.08
5 67.8 1.30 1.98 0.45 0.46	 1.11 1.03 0.30 0.22
6 9.3 0.62 1.64 0.26 0.26	 0.14 0.19 0.06 0.04
7 45.7 0.79 0.65 0.45 0.36	 0.19 0.14 0.29 0.24
8 1.2 0.34 0.75 0.13 0.09	 0.26 0.26 0.03 0.05
9 12.2 0.66 0.99 0.24 0.19	 0.26 0.28 0.08 0.07
10 31.7 0.56 2.05 0.43 0.17	 0.31 0.61 0.08 0.14
11 25.1 0.77 0.55 0.47 0.33	 1.18 0.80 0.32 0.41
12 2.8 0.43 0.55 0.28 0.16	 2.35 1.35 0.14 0.14
13 4.0 0.65 0.45 0.32 0.24	 0.85 0.50 0.27 0.16
14 51.1 0.65 0.58 0.43 0.18	 0.43 0.30 0.21 0.32
15 41.8 0.92 0.29 0.47 0.31	 0.32 0.16 0.23 0.43
16 51.9 0.98 0.60 0.45 0.37	 0.32 0.16 0.24 0.29
17 14.5 0.27 0.75 0.13 0.13	 0.16 0.15 0.07 0.15
18 24.1 0.76 0.55 0.24 0.30	 0.66 0.39 0.19 0.16
tBicarbonate extractable phosphorus
1A1,„„ Fe„„, Mn„,, P„„ ammonium oxalate extractable Al, Fe Mn, P
SAln„, Fen., Mn,,,,, Pn„ NTA extractable Al, Fe, Mn, P
soils had a pH greater than 7.0; there was one
acidic soil (pH 4.9). The CEC ranged from 5 to
22 cmolc kg- 1 , and the CaCO3 equivalent of the
soils varied from 0 to 496 g kg- 1 . Bicarbonate ex-
tractable P (Olsen P) ranged from 1.2 to 51.9 mg
kg- 1 . Amorphous Al, Fe, Mn, and P concentra-
tions varied from 0.27 to 1.30 g kg- 1 , 0.29 to 2.02
g kg- 1 , 0.09 to 0.46 g kg- 1 , and 0.13 to 0.47 g
kg- 1 , respectively. Organically complexed Al, Fe,
Mn, and P (NTA-extractable) varied from 0.16 to
2.35 mg kg- 1 ,0.14 to 1.35 mg kg- 1 , 0.03 to 0.32
mg kg- 1 , and 0.04 to 0.43 mg kg- 1 , respectively.
P-Sorption Isotherms
Figure 1 shows the P-sorption curves for
three soils of dissimilar behavior. The P-sorption
isotherms for all soils at low to medium equilib-
rium P concentrations (0-150 mg P L- 1 ) fit the
Freundlich isotherm well (r2 = 0.926-0.998; P <
0.01). At equilibrium concentrations greater than
150 mg P L- 1 , there was a difference in the rela-
tionship between log q and log c. The majority of
the soils studied (11 soils) had P-sorption iso-
therms similar to Soil 1 (Fig. la), where at equi-
librium concentrations greater than 150 mg P
L- 1 there was a sharp increase in the slope of the
curve, suggesting that the precipitation of Ca-P
dominated the process (Cole et al., 1953; Fig. la
and Fig. 2). The change in slope at this inflection
point was pronounced in Soils 12, 14, and 16
(Fig. lb), with a curve similar to an S-type curve,
which may suggest different precipitation prod-
ucts. Three soils did not have an abrupt change in
slope, although there seemed to be a difference in
the curve at low versus high equilibrium P con-
centrations (Soils 2, 9, and 15; Fig. 1c). In Soil 10,
the sorption curve was an L-type curve at low
concentrations, reached a maximum, and then
abruptly decreased in sorption.
Figure 2 shows P sorption isotherms plotted
on logarithmic scales for two soils that vary in
their sorption properties and the properties mea-
sured in order to establish the nature of the sorp-
tion processes. The initial region of the curves
was essentially linear, conforming to a Freundlich
equation. The slope b of the initial region was de-
termined by linear regression. The equilibrium P
concentration (C,) was determined at the inflec-
tion point where the curve increased abruptly
and the corresponding amount of P sorbed (X5)
at C r was determined (Fig. 2a). Two of the soils
did not have an inflection point on the log-log
plots of the data, and, therefore, we were unable
to calculate the C, and X. values for these soils; b
values for these soils were calculated as before
(Soils 9 and 10; Fig. 2b).	 •
The values of the Freundlich and related pa-
rameters for the 18 soils are listed in Table 3. The
a) Soil 1
VC.
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initial region of the isotherms (b) and the y-
intercept (A) were not correlated with any soil
property. The concentration C, where precipita-
tion begins to dominate the sorption process was
significantly correlated to OC and pH in the 16
soils and was significantly correlated to OC, pH,
Milo., and Fen. in the subset of 11 soils. TheAlox ,
amount of P sorbed (Xi) at the inflection point
was significantly correlated to OC, CEC, Alox,
Mno„, and Mnn. in the 16 soils and to OC, CEC,
clay,Alox , Mnox , Alnta, Fen., and Mnnn in the sub-
set of 11 soils.
Forward stepwise regressions were performed
for C, and X, with a listing of all independent
variables measured for the subsets of 16 and 11
soils. The stepwise regressions on the subset of 16
soils selected the equations C, = 1335.5 - 155.9
pH (R2 = 0.78***) and X, = 1.1 + 0.08 Mn n.
(R2 = 0.68***). The stepwise regressions on the
subset of 11 soils selected the equations C, =
994.1 - 115.6 pH + 0.18 Fen. (R2 = 0.93***)
and X, = 0.46 + 0.01 Fen. + 0.06 Mnn. (R2 =
0.98'). The measure of X, in these instances
may not be a true representation of the maxi-
mum amount of P sorbed, because it does not in-
clude a measurement of initial P present before
0	 200	 400	 600	 800
Equilibrium P (mg P L-1 )
Fig. 1. P-sorption isotherms for selected soils with vary-
ing sorption characteristics; a) Soil 1, b) Soil 12, and c)
Soil 9.
Freundlich A value varied from 0.6 to 1.6 (mean
1.2, standard deviation (SD) 0.51), and the b value
varied from 0.34 to 0.71 (mean 0.52, SD 0.10).
The equilibrium P concentration at which pre-
cipitation processes seemed to dominate the
sorption process (C1) varied from 49 to 619 mg P
L- 1 (mean 173, SD 145), whereas the amount of
P sorbed at c, (X1) ranged from 4 to 32 mmol
kg- 1 (mean 17, SD 8).
Pearson correlation coefficients were calcu-
lated between the various parameters of the P-
sorption curves and soil properties for all soils
studied (except in the case of C, and X, where
these values could not be determined on two of
the soils; Table 4). These correlations were also
performed on the subset of 11 soils that had sim-
ilarly shaped curves (Table 4). The slope of the
2.5 - 	 b) Soil 9
2.0 -











Log c (mg P LA )
Fig. 2. Log-log plot of P-sorption isotherms for selected
soils and measured properties of the log-log plot: a)
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TABLE 3
Values of the phosphate sorption curve parameters
Soil No.
Values of curve parameters
A b C, X,
mmol kg- 1 mg L- 1 mmol kg- I
1 1.1 0.53 0.99 150 22
2 0.8 0.61 0.99 94 14
3 1.6 0.49 0.99 131 15
4 1.4 0.42 0.99 371 15
5 2.2 0.46 0.98 619 28
6 1.1 0.34 0.99 169 9
7 0.8 0.53 0.99 150 17
8 0.6 0.44 0.93 95 4
9 1.1 0.51 0.99 NC NC
10 0.9 0.46 0.98 NC NC
11 0.9 0.58 0.99 263 26
12 1.5 0.42 0.99 69 9
13 2.3 0.51 0.99 126 22
14 1.8 0.60 0.99 49 18
15 0.8 0.71 0.99 94 20
16 0.8 0.69 0.99 56 32
17 0.7 0.41 0.93 187 5
18 0.8 0.60. 0.99 166 16
equilibration with added P. To account for the
initial P present in the soils and examine the re-
lationship between the estimated total P sorbed
and soil characteristics, we added two measure-
ments of initial soil P to X, to provide an estimate
of total P sorbed. Olsen P, which is correlated to
• TABLE 4
Pearson correlation coefficients (r) between two parameters
of the P-sorption isotherms and soil properties for soils
with definable values (n = 16) and soils with
similar curve shapes (n = 11).












































Mn. 0.49 NS 0.71" 0.73" 0.77"
Ad.. 0.16 NS 0.09 NS 0.59 NS 0.85""
Feat, 0.36 NS 0.14 NS 0.77" 0.82"
Mn,,,, 0.27 NS 0.85"' 0.36 NS 0.95'"
tSignificant at • P < 0.05, " P < 0.01 and	 P < 0.001,
respectively
NS = not significant
*Abbreviation as in Table 1
Mrinx, and OC, was added to )C to give an
estimate of total P sorbed. Since Olsen P is highly
correlated with the characteristics predicted to
affect P sorption, we felt that this might be a good
estimate of initial P. We then used the formula
Xt P,,.  0.5Pox to provide another measure
of total sorbed P. Since the organically com-
plexed metals seem to be best correlated to P
sorption, the P associated with these metals was
added to X, as well as a fraction of the oxalate ex-
tractable P. Laboratory tests examining the po-
tential overlap between the ammonium oxalate
extractable metals and NTA extractable metals
showed little overlap in extraction for Al and Fe,
but the extracts did have a common pool of Mn
and P (Fig. 3). When soils were • extracted with
NTA before extraction with ammonium oxalate,
there was little change in oxalate extractable Fe
and Al in soils with low organic matter content
compared with those extracted in ammonium
oxalate alone. Soil 5, which has a greater OC
content (27.5 g kg- 1 ), did show some overlap be-
tween the two pools. The P and Mn concentra-
tions in the ammonium oxalate extracts were ap-
proximately 40 to 50% less when the soils were
first extracted with NTA. This suggests that there
is a labile pool of P and Mn that is subject to ex-
traction by both methods and is common be-
tween the two. To avoid overestimating total ini-
tial P associated with amorphous and organically
complexed metals, we added the P nta and 50% of
the P., to Xt to account for this overlap.
Forward stepwise regressions calculated using
these new values of total sorbed P (X, + Olsen P
and X, + Pnta + 0.5P.) on the subset of 11 soils
selected Mn„„ and 
FenLi 
as independent variables
for X, + Olsen P, andMn n,„, Fenta , and clay for
Xt Pnta	 0.5P0  (Table 5).
DISCUSSION
The dominant P sorption processes in the
initial region of the sorption curves are likely to
be associated with variable 'charged surfaces such
as oxides, clay surfaces, and organically corn-
plexed metals, but there was no indication of an
interaction with CaCO 3 . This is particularly true
when a discernable inflection point between
sorption and probable Ca-P precipitation was
present, as seen in the subset of 11 soils. These
findings are similar to those of other studies on
calcareous soils, where the calculated sorption at
the inflection point was significantly correlated
with oxides and clays rather than with varying
amounts of CaCO 3 (Castro and Torrent, 1998;

































a)	 Ammonium Oxalate extraction















X, (=not P kg')
Fig. 4. Relationship in soils of [Mri nta + Fenth ) to )C for the
r 2 -0.93
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TABLE 5
Stepwise regression independent variables










X + Olsen P
	
Mn., Fe..	 0.98***
X +	 + 0.5 P.,	 Mn., Fe., clay
	
0.98""
tAbbreviation as in Table 1
*Significant at *** P < 0.001
sorbed in this phase is mostly nonexchangeable.
The higher concentrations required for precipi-
tation indicate that a degree of nucleation is nec-
essary before precipitation becomes appreciable.
Regression analysis of X, as well as two mea-
surements of total sorbed P consistently list or-
ganically complexed Fe and Mn as the main fac-
tors affecting the P sorption capacity. The
relationship between organically complexed
Fe + Mn and the P sorption maximum is most
closely fitted with a quadratic equation (r 2 =
0.93', Fig. 4).Although regression does not elu-
cidate actual interactions of soil properties, the
continual selection of organically complexed
metals does suggest that these metals are an im-
portant component of P sorption at low to
medium P concentrations. This may be caused by
P complexation with organic matter through
metal bridges, or OC may be interfering with
Ca-P and metal oxide precipitation by coating
the surfaces of carbonates and retaining P in these
surface complexes through metal interactions.
The value of C,, the threshold concentration
needed for Ca-P precipitation, was greater in all
soils than the corresponding threshold needed for
precipitation in pure CaCO 3 systems (>3 X
10 -4 M) (Cole et al., 1953). This behavior was
Fig. 3. Comparison of extractable a) Al, b) Fe, c) Mn,
and d) P with Ammonium oxalate extraction vs pre-
treatment with NTA and subsequent extraction with
Ammonium oxalate.
isotherms after the inflection point can proba-
bly be attributed to the precipitation of Ca-
phosphates. Studies of pure calcium carbonate-
phosphate systems indicate that at low P concen-
trations, there is surface adsorption of P on
CaCO3 surfaces, with a curve shape similar to a
Langmuir monolayer sorption isotherm, and the
P sorbed on these surfaces is easily exchangeable
(Boischot, 1950; Cole et al., 1953).At high P con-
centrations there is a sharp change in the calcium
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also seen by Castro and Torrent (1998) in cal-
careous Vertisols and Inceptisols, suggesting that
some soil components interfere with the nucle-
ation of Ca-phosphates in solution or on the
mineral surfaces to delay the precipitation reac-
tion. In the 16 soils evaluated, C, was significantly
correlated to OC, whereas in the subset of 11
soils it was significantly correlated to OC, Alox,
Mric„, and Fema . The positive correlation of C, to
OC suggests that either soluble OC or OC asso-
ciated with the CaCO3 surfaces may be interfer-
ing with precipitation of Ca-phosphates at low P
concentrations in these soils. Inskeep and Silver-
tooth (1988) showed that OC slowed the rate of
precipitation of Ca-phosphates from solution.
They found that humic and fulvic acids inhibited
hydroxyapatite (HAP) precipitation by the ad-
sorption of OC onto the seed crystals. Further-
more, it was only necessary to have fractional sur-
face coverage of the seed crystals to inhibit HAP
precipitation sufficiently. The formation of Al
and Mn oxide coatings formed on the calcium
carbonate surfaces may hinder precipitation of
Ca-P, but they also serves as sorption sites.
Blokhuis et al. (1968) found that impregnation of
carbonates by Fe and Mn oxides are common in
some calcareous Vertisols. Hamad et al. (1992)
also found that Fe oxide coatings on CaCO 3
were prevalent and more involved in P sorption
than the CaCO3 in the soils studied.
Regression analysis of C, identified pH as the
factor controlling potential precipitation of Ca-P
in these soils. It is not likely that pH controls this
process by itself. As pH increased in these soils,
the equilibrium concentration needed to initiate
Ca-P precipitation decreased (Fig. 5). This rela-
tionship is likely dictated by the continual depro-
Fig. 5. Relationship in soils of soil pH to c, for the subset
of 11 soils.
tonation of the OC functional groups and hy-
droxide groups on the carbonate surfaces as pH
increases, which creates a negative charge on both
the carbonate surfaces and organic matter, caus-
ing electrochemical repulsion. Essentially, as pH is
increased, the interactions between carbonate
surfaces and organic matter decrease, thereby re-
ducing interference from OC in the Ca-P pre-
cipitation process.
In summary, both amorphous and organically
complexed metals seemed to be more important
to P sorption than CaCO3 concentration in the
soils studied. In addition, these organically com-
plexed and amorphous metals were involved in
the inhibition of Ca-P precipitation. What is un-
clear is the role that organically complexed met-
als play in the sorption of P and the possible in-
terference with Ca-P precipitation. It is possible
that OC-metal complexes in solution interact
with soluble P, forming a cationic bridge be-
tween the OC and P and thus removing it from
solution. It is also possible that these OC-metal
associations exist on the surfaces of carbonates,
clays, and possibly even amorphous metals,
thereby providing sites for sorption of P.
By better understanding what soil properties
are affecting P sorption, as well as the inflection
point at which Ca-P precipitation processes
begin to control P solubility, we will be better
able to predict the potential P release for plant
uptake or loss through surface runoff and leach-
ing. If organic materials are added as a nutrient
source, it is beneficial to know at what concen-
trations they can be applied in order to maximize
plant uptake of P while reducing the formation
of insoluble Ca-P minerals. On the other hand,
when manure or other organic materials contain-
ing P are land applied strictly for disposal, we may
want to manage their application to promote pre-
cipitation of stable P complexes and, therefore,
lessen the amount of P potentially lost in runoff
and leaching.
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